A B S T R A C T To determine whether chronic exposure to hypoxia during adulthood produces alterations in the control of ventilation, measurements of the resting ventilatory response to hypoxia and hypercapnia, as well as ventilatory response to hypoxia during exercise, were carried out in a group of 10 long-term (3-39 yr) nonnative residents of Leadville, Colo. (elevation 3100 m). A group of 8 subjects native to Leadville was also studied and 10 low altitude subjects of Denver, Colo. (elevation 1600 m) served as controls. Hypoxic ventilatory drive was measured as the shape parameter A of isocapnic VE-PAo2 curves. In the non-native high altitude resident this parameter averaged 43% of the value for low altitude controls (P <0.05) denoting a diminished ventilatory response to hypoxia. The degree of attenuation was related to the length of time spent at high altitude. In the high altitude natives the parameter A averaged 9.6% of control (P < 0.01). Similarly hypercapnic ventilatory drive as measured by the slope of the isoxic VE-PACO, lines was reduced in the non-native residents to 65% of control (P <0.05) and in the natives averaged 54% of control (P <0.01).
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In contrast with these findings at rest induction of hypoxia during exercise produced an increase in ventilation comparable to that in the controls in both groups of highlanders.
Hence chronic exposure to hypoxia during adulthood in man results in marked attenuation of the ventilatory response to hypoxia at rest and this is a function of the length of exposure to hypoxia. This attenuation of the ventilatory response to hypoxia was associated with a decrease in hypercapnic ventilatory drive. The fact that hypoxic ventilatory drive was almost completely absent while hypercapnic drive was only partially reduced parallels closely the more important role of the peripheral chemoreceptors in mediating ventilatory responses INTRODUCTION Much evidence suggests that chronic hypoxia produces alterations in the control of ventilation in man. It is generally agreed that the ventilatory response to hypoxia is diminished in persons native to high altitude (1-3). However, there is controversy regarding the question of whether hypoxic ventilatory drive is altered in the non-native long-term resident of high altitude. This matter is important because the question of whether attenuation of hypoxic ventilatory drive may be acquired through chronic exposure to hypoxia is essential to understanding the control of breathing in hypoxic disease states in which the exposure to hypoxia begins in adulthood. In the present study the control of breathing was measured in persons native to high altitude and in long-term non-native residents of high altitude. The data indicate that hypoxic ventilatory drive is indeed depressed in non-native residents of high altitude and that the degree of depression is a function of the length of time spent at high altitude. In addition there is an associated milder depression of hypercapnic ventilatory drive.
METHODS
There were three groups of subjects all of whom were men and all were in excellent health. The control group was comprised of 10 normal men living in Denver, Colo (elevation 1600 m). The high altitude subjects lived in the community of Leadville, Colo. (elevation 3100 m). Eight were natives between the ages of 29 and 56 yr. Ten subjects were non-native long-term residents of Leadville, aged 25-59 yr. All but one of the latter group had come to high altitude in their 3rd or 4th decade. None of the subjects had ever engaged in varsity athletics and none had participated in a formal physical conditioning program. The goals and con-duct of the study were explained to all subjects to their granting consent. All studies were performed in our laboratory in Denver, Colo., within 3-15 hr following the subject's departure from high altitude.
Ventilatory drive at rest. A detailed description of this technique has been given by us elsewhere (4) . The seated subject breathes through a respiratory valve (Hans Rudolph) from which gases are continuously sampled by an infrared CO2 analyzer (Beckman LB-1) and by a fuel cell, rapid oxygen analyzer (5, 6) . Output from both of these together with information from a pneumotachograph (Fleich) are fed into an on-line PDP-8 computer, the data emerging as continuous, real time oscilloscopic plots of end-tidal oxygen tension, end-tidal carbon dioxide tension, and minute ventilation. The end-tidal oxygen plot is used to guide the manual addition of nitrogen to the inspired air so as to produce a gradual fall in end-tidal oxygen tension from 120 to 40 mm Hg over 15-20 min. Output from the carbon dioxide analyzer is also displayed on an oscilloscope and used to guide the manual addition of 100% C02 to the inspired gas in amounts sufficient to prevent hypocapnia.
The use of this non-steady-state technique for measuring the ventilatory response to hypoxia with isocapnia is justified by the fact that ventilatory adjustment to a change in alveolar Po2 is complete in 20 sec and the maximal effective PAo, phase error is 1.2 mm Hg higher than actually observed at a given point in time (4) . Also the accuracy of the maintenance of isocapnia and a stable pH has been confirmed by simultaneous arterial studies (4 with the subject breathing 100% oxygen, the inspired air was switched to 14% oxygen and maintained for a further 6 min. Ventilation was measured during the last minute of each period and 0, uptake during the last minute of the hypoxic period. The three points (or two points) for each subject at a given inspired oxygen fraction were analyzed by linear regression. The mean slopes for the group were obtained by averaging the regression coefficients and intercepts for each of the individuals in each group.
RESULTS
Hypoxic ventilatory drive at rest. A representative study from one subject in each group is shown in Fig. 1 . Each point represents the mean for three successive breaths and the superimposed curves are derived from a nonlinear least squares fit of the data points. The goodness of fit was in all cases P < 0.005 or better. Individual curves for all subjects in all groups are shown in Fig. 2 and the mean curves for each group are compared in Fig.  3 . The curve shape is measured by the parameter A such that a large value for A denotes a high hypoxic ventilatory drive. In the non-native residents of high altitude A averaged 77.1 ± 19.6 (SEM); this was less than half the value of 180.2 ±14.5 observed in the low altitude controls (P < 0.05), indicating attenuation of hypoxic ventilatory drive (see Table I ). A more striking degree of attenuation was seen in the high altitude natives in whom A averaged 17.4 ±4.5, approximately one-tenth that of the control group (P < 0.01). The within group variance or heterogeneity of these hypoxic ventilatory responses curves was greater in the non-native group in comparison with that of natives and controls (see Fig. 2 ). It was found that this variation could be accounted for in large part by differences in time spent at high altitude (Fig. 4a) shown as a function of time at high altitude in Fig. 4 a. The changes roughly paralleled those observed for hypoxic drive. In the high altitude natives the slope was even more depressed in comparison with the control group, averaging 1.06 ±0.15 (P < 0.01) (see Fig. 6 ).
STPD
Hypoxic ventilatory drive during exercise. This was studied in seven control subjects, six high altitude natives, and seven high altitude residents. Analysis of the data was based on the fact that ventilation increases as a linear function of oxygen uptake during submaximal exercise. For each subject ventilation was measured at three work levels-that is, three levels of oxygen uptake -while breathing 100% oxygen and while breathing 14% oxygen. Regression lines for VE on Vo2 of the form VE = a + PVo0 were computed for each subject for each of the two separate inspired oxygen concentrations. The parameters for these equations are listed in Table II . Fig. 7 a shows that the mean lines for the control and the high altitude non-native residents were similar both during 100% and 14% oxygen breathing. However, the RESIDENTS H. A. NATIVES (10) (8) Fig. 8 . By analysis of covariance the lines for high altitude residents did not differ from the controls P < 0.5. In contrast the line for high altitude natives was different from control for both position being right-shifted (P < 0.05), and slope which was steeper (P < 0.05), the latter being due to the lower ventilation when breathing 100% 02. These findings indicate that in the high altitude native the ventilatory response to hypoxia is diminished at low work loads similar to the findings at rest, but at higher work loads the response approaches that of the controls. peripheral chemoreceptor function. Lastly, the ventilatory response to hypoxia during exercise is well preserved in chronically hypoxic man suggesting that ventilatory responses to hypoxia during rest and exercise are separately mediated.
Several investigators, using diverse techniques, have measured a marked decrease in the ventilatory response Ventilatory Control during Chronic Hypoxia 189 (19, 20) . In the present studies we found that in the high altitude natives and in the non-native with longest residence at altitude hypoxic drive was reduced almost to zero, while hypercapnic drive averaged about one-half that of the low altitude controls. This pattern resembles so closely that which would be expected to result from failure of peripheral chemoreceptor function that we strongly suspect that the changes observed in our high altitude subjects are due to some alteration either in the peripheral chemoreceptor itself or interference with the integration of chemoreceptor impulses within the central nervous system. The study of Sorensen and Cruz (21) (22) and in patients with chronic airway obstruction (23) supports the notion that an alteration in this system has occurred although the precise implications of these findings are not known.
During exercise the findings in the high altitude subjects were quite different than at rest, the response of ventilation to superimposed hypoxia being as great as that seen in the low altitude controls. There is much uncertainty regarding the nature of the mechanisms which control breathing during exercise and the role of the chemoreceptors is a matter of controversy. Typically during exercise, alterations in arterial blood gases do not appear sufficient to account for significant chemow receptor stimulation (24) . However, when inspired P02 is altered abruptly during exercise ventilation changes so rapidly that a reflex mediated by the peripheral chemoreceptors has been suggested (25) . This in turn has led to speculation that the responsiveness of the carotid body is enhanced in some fashion during exercise so that the chemoreceptors are rendered highly responsive to stimuli which would be inconsequential at rest (25) . Our findings suggest that there is a marked discrepancy between hypoxic drive at rest, which is presumably mediated by peripheral chemoreceptors, and hypoxic response during exercise. This dissociation of resting and exercise hypoxic drive suggests that different control systems are involved. Similarly we have recently reported evidence of diminished peripheral chemoreceptor function in conditioned athletes in whom the ventilatory response to hypoxia during exercise is unimpaired (26) . Thus it would appear either the peripheral chemoreceptors are unimportant during exercise or that chemoreceptors which function poorly at rest may be readily activated during exercise.
The fact that attenuated chemoreceptor function can be acquired as a consequence of prolonged exposure to hypoxia undoubtedly has relevance to the control of breathing in clinical situations involving chronic hypoxia. Diminished hypoxic ventilatory drive has been described in patients with cyanotic congenital heart disease (12, 13) and Flenley and Millar (27) have suggested that the same may be true of certain patients with chronic airways obstruction. In some patients with chronic airway obstruction dyspnea is remarkably absent despite severe derangement of arterial blood gases. Such patients are sometimes referred to as "nonfighters" or "blue bloaters" (28) . In such patients the pathology usually is that of extensive bronchitis with relatively little emphysematous change (29) . It appears that this pathology results in greater shunting of venous blood producing arterial hypoxemia which is refractory to increases in ventilation (30) . The resulting chronic hypoxemia could in turn lead to a loss of ventilatory drive as in the high altitude resident and may explain why such patients become nonfighters.
